A thermodiffusion cell is used in order to perform Soret experiments on binary mixtures at high pressure and in the presence of a porous medium. The cell is validated at atmospheric pressure with toluene/hexane and the tetrahydronaphthalene/dodecane mixtures. The mass separation follows a diffusive behaviour when the cell is filled with a porous medium. At least three times the relaxation time is needed to have a good estimation of the Soret coefficients. From the transient state of the mass separation and using accepted values of the diffusion coefficient, the tortuosity of the porous medium was evaluated, too. Finally, experiments at high pressure were performed with the tetrahydronaphthalene/dodecane system. In these experiments, decreases of the Soret coefficient and of the tortuosity of the porous medium were measured as a function of the pressure.
Introduction
The presence of a temperature gradient in a fluid mixture generally induces mass flow, thus creating concentration gradients in the mixture. This process is known as the Ludwig-Soret effect [1, 2] . In a binary mixture, the amplitude of this effect is characterized by the Soret coefficient S T , which relates the concentration gradient to the applied temperature gradient at steady-state conditions:
Transport phenomena in porous media have received considerable attention due to the increasing interest in geothermal processes, chemical catalytic reactors, waste storage (especially geological or ocean storage of carbon dioxide), etc. Among others, the oil industry has shown an increasing interest in studying diffusion phenomena [5] . Since conditions under which the crude oil is found underground imply high pressure (HP) and diffusion in porous medium, it is important to analyze the influence of the pressure and the interaction with a porous medium on the transport properties of dense mixtures. This is done in order to improve the description of the initial distribution of components within a reservoir [6, 7] . Nevertheless, thermal diffusion data under reservoir conditions, i.e. at high pressures, are very limited and not very recent [8, 9] . The most recent reference one may cite are the high-pressure measurements of the thermal diffusion coefficients made with a thermogravitational column [10] . This lack of HP measurements has led to the development of the SCCO project (ESA + Total) [11, 12] . The main objective of this project was to perform microgravity measurements of thermal diffusion of various mixtures under HP conditions. Additionally, in the frame of this project, a ground HP experimental device, to measure thermal diffusion and molecular diffusion in binary mixtures, has been designed. The HP thermodiffusion cell is filled with a porous media in order to avoid convection in the fluid and to simulate reservoirs conditions. In precedent works we have used the cell to measure the concentration derivative of the refractive index of a binary mixture (∂n/∂c) p,T at high pressure and the temperature derivative of the refractive index of a binary mixture (∂n/∂ T ) p,T [13] [14] [15] . As a further step, in this paper we report how to obtain molecular diffusion and Soret coefficients of binary mixtures.
The remainder of this paper is organized as follows: in Section 2 the experimental set-up is described; in Section 3 the experimental procedure is exposed; in Section 4 details are provided about the algorithm, allowing us to get the molecular diffusion and Soret coefficients values; in Section 5 experimental results are presented and compared with previous experimental works. Conclusions are provided in Section 6.
Experimental set-up
The experimental apparatus has been described in more details in previous works [13, 15] . The high-pressure cell consists of a stainless steel cylinder with two water circuits at its top and bottom. Pure water coming from two distinct thermostatic baths circulates through these loops to keep the top and bottom of the cell at two distinct temperatures with a stability of about ±0.1 • C over many days. Most of the interior volume of the cell is filled with a porous medium consisting of a monolithic silica cylinder of the same diameter as the cell interior. At the two extremities of the porous medium, two free volumes, which we refer to as dead volumes (DVs) allow refractive index measurements by means of interferometry. The optical access to the two DVs is provided by two opposing sapphire windows for each DV, letting a laser beam pass through the fluid perpendicular to the cell axis. As reported elsewhere [13] , the value of the optical path has been obtained from the analysis of experimental data taken with pure toluene, hexane and water, and it is d * = 21.5 ± 0.3 mm. The cell is designed to maintain a liquid mixture in a pressure range between 0.1 and 100 MPa and in a temperature range between 5 and 40 • C. The cell is externally covered with a ceramic insulator, in order to limit heat transfer between the cell walls and the environment.
The cell is filled by means of a filling system consisting of a rotary vacuum pump able to evacuate most of the air from the cell before filling operations, a fluid vessel at atmospheric pressure, a manual volumetric pump, and a number of valves used to facilitate the procedure. After a low vacuum is made inside the cell, the mixture to be studied is transferred into the cell by letting it enter from its bottom side. In this phase, visual inspection through the sapphire windows is needed to check bubble presence. The cell is then abundantly fluxed with about 100 ml of the fluid mixture. At the end of the procedure, a valve at the end of the circuit is closed and the volumetric pump is operated to modify the liquid pressure within the cell and perform the experimental runs. A manometer (Keller, PAA-33X/80794, pressure range: 0.1-100 MPa, precision ±0.03 MPa) is connected between the volumetric pump and the cell in order to constantly check the pressure of the fluid mixture [13] . At the top and bottom of the cell, two K-type thermocouples are positioned within the two DVs in contact with the liquid.
The cell is inserted in a Mach-Zehnder interferometer, each half of the laser beam crossing one DV [15] . The light source consists in a He-Ne laser (Melles Griot, 25 LHP 151-230) operating at a wavelength of λ 0 = 632.8 nm. The beam is deflected by a metallic mirror and is made divergent by means of a positive lens ( f = 2 cm). A 50/50 beam splitter further divides the beam into two beams of equal intensity, each beam crossing one DV in order to measure the refractive index difference between the two DVs. After the beam of the bottom is bent by a mirror and finally both beams overlap at a second 50/50 beam splitter and eventually propagate to the CCD camera (Cohu, 7712-3000) after being captured by a microscope objective. All our tests have been made with the cell in vertical position while heating from above; this allows having a stable configuration from the thermal and composition points of view, at least for all samples with positive Soret coefficient. The entire optical set-up is mounted on an optical table.
Experimental procedure
The procedure to extract the refractive index variations within the cell has already been described in [13] . The data analysis in the present case is somewhat different and it is described in the following.
Initially, the two thermoregulated baths are set to the same temperature (mean temperature of the experimental run).
Eventually, for time t = 0, the top side of the cell is heated to temperature T 2 , while the bottom side is cooled to temperature T 1 , resulting in a temperature difference T = T 2 − T 1 . Interference patterns are recorded to evaluate the phase difference variation as a function of time. This can be written as:
where n represents the total variation of the refractive index between the hot and cold sides of the cell. For binary systems, the variation of refractive index after applying a temperature gradient is:
where c is the concentration difference of the densest component between the hot and the cold sides of the cell. Coefficients ∂n/∂ T and ∂n/∂c are the so-called contrast factors [13] [14] [15] [16] [17] [18] [19] [20] . At the initial stage, the thermal kinetics provides a significant change in the magnitude of the phase difference. On the contrary, in a second stage the concentration kinetics becomes dominant in generating phase difference change. Hence, the two effects are decoupled enough to clearly distinguish the solutal contribution from the temporal point of view [17] [18] [19] [20] [21] .
The concentration difference that is measured after the establishment of the temperature gradient can be written using Eqs. (2) and (3) as:
Theoretical relations
During the second stage, when the concentration variation becomes dominant, assuming no convection perturbs the process, the concentration difference of the densest component as a function of time is [20, 21] :
The two unknown parameters in the above equation are the Soret coefficient S T and the relaxation time τ r , c 0 being the initial concentration of the densest component, and t the time. The relaxation time, for diffusion in a porous medium, is given by [22] :
where L is the length of diffusion, which in our case can be identified with the distance between the central points of the two DVs where the laser beams pass (L = 42 mm in our set-up). D * is the molecular diffusion coefficient in the porous medium, which is related to the molecular diffusion coefficient in the free liquid D by the relation [22] :
where τ is the tortuosity of the porous medium.
From the phase difference between the two lasers beams ϑ exp , we estimate the phase difference due to the concentration difference by using Eqs. (2) and (3):
Then, the phase difference relative to the second kinetic is fitted via the following equation:
The fitting procedure is made by means of least-squares method with A and B as free fitting parameters. Comparing Eqs. (4), (5), and (9), one can relate the Soret coefficient to the fitting parameter A as follows:
On the other hand, by comparing Eqs. (5), (6), (7), one can relate the diffusion coefficient to the fitting parameter B and the value of the tortuosity of the porous medium: Conversely, the value of the tortuosity can be obtained if the diffusion coefficient is known:
Results and discussion

Validation of the cell at atmospheric pressure
As a first step we have performed a series of experiments at atmospheric pressure by imposing a fixed temperature difference T * = 10 • C between the two thermostatic baths, with two well-characterized binary mixtures [17, 23] . The mixtures are: the toluene + hexane system (in the following: Tol+C6), at the isomolar mass concentration c 0 = 0.517 of the first component, and 1,2,3,4-tetrahydronaphthalene + n-dodecane system (in the following: THN+C12), at mass fraction c 0 = 0.5. The mean temperature in the cell is set at T mean = 25 • C. In Table 1 the reference values relevant for the cell validation are reported. In Fig. 1a the temperature difference between the two DVs as a function of time is reported for the Tol+C6 system. As shown, the measured temperature difference T between the two DVs is much smaller than the one applied to the two baths and it reaches the steady-state value of about T = 4.4 • C due to a consistent loss of energy between the thermal baths and the cell.
In Fig. 1b the phase difference between the beam that crossed the hot DV and the beam that crossed the cold one is plotted. It can be seen that while a fast variation is obtained due to the thermal effect (first kinetic) eventually a smaller and slower variation is observed due to the Soret-induced concentration gradient (second kinetic). As expected, the two kinetics are temporarily well separated.
For the Tol+C6 system the sign of the phase variation of the two kinetics is the same as one can expect if sample properties [17] and Eqs. (3) and (5) are considered:
In fact, in this case, ∂n ∂ T is negative, while ∂n ∂c and S T are positive, then both terms in the sum have the opposite sign with respect to the temperature gradient.
Little oscillations can be detected over the phase signal in Fig. 1b . Careful analysis of these oscillations indicates that they are mainly due to the ambient temperature oscillations (not shown). This effect can be filtered out from the raw data, by performing a de-convolution of the phase data with the ambient temperature ones.
Eventually the phase change of the second kinetics is considered. In Fig. 2 the second kinetics are reported for the two systems. The curves are shifted in order to start from the axes origin.
In the case of a porous medium, experiments can be nicely fitted with Eq. (9) thus meaning that experimental data points can be described by a 1D diffusive model. From the analysis in Fig. 2b it is evident that data points in the free (4) and (5) with 26 terms in the sum and for diffusion in free medium. medium cannot be fitted through Eq. (9). The measured concentration gradient due to mass separation increases linearly and eventually saturates to a maximum value of separation. These data show that diffusion cannot be the only transport mechanism occurring in the cell in this case.
In Fig. 3 we report the obtained values of the Soret coefficients with Eq. (10) and the values of the tortuosity of the porous medium with Eq. (12) for Tol+C6 sample, as a function of the number of terms used in the sum of Eq. (9) and in function of the relative time compared to relaxation time.
For S T and τ the convergence is very fast as a function of the number of terms used in the sum, but only if the duration of the experiment is at least three times the relaxation time (five terms in the sums are enough). In Table 2 we report the values of the Soret coefficient S T , its error compared to the reference value and the tortuosity τ of the porous medium as a function of the relative time for the Tol+C6 system. It is worth pointing out that for the evaluation of the Soret coefficient we have used the measured difference of temperature T inside the cell at the thermal steady state. Moreover, for the evaluation of the tortuosity we have used Eq. (12), the values of the diffusion coefficients of Table 1 and L = 42 mm for the diffusion length.
Uncertainties indicated in the table are those due to the sensitivity of the least-squares fitting. After three times the relaxation time, the obtained agreement for the Soret coefficient is acceptable and after five times the relaxation time the obtained agreement is very good.
The obtained experimental value of the Soret coefficient of THN+C12 is S T = (9.3 ± 0.2) × 10 −3 K −1 , while the result for tortuosity is τ = 1.78 ± 0.06. These values are coherent with the reference values of S T (see Table 1 ) and the tortuosity evaluated with Tol+C6 system. If the two values of the tortuosities obtained with the two systems are averaged, we get τ = 1.81 ± 0.15 which standard deviation is about 8%. This deviation can be considered acceptable if one takes into account the fact that the two systems are very different, for example their diffusion coefficients differ by about 63% (see Table 1 ). Table 2 Soret coefficient S T , deviation compared to the reference value and tortuosity τ of the porous medium for 26 terms in Eq. (9) in function of the relative time for the Tol+C6 system (T mean = 25 • C, at thermal steady state T = 4.4 • C, p = 0, 1 MPa). Table 3 Porosity ε, permeability K and tortuosity τ measured by mercury porosimetry as a function of the cycles of intrusion and extrusion. After the series of experiments at atmospheric pressure and at high pressure, the porous medium was removed from the cell and analyzed by gas porosimetry (nitrogen) with a Tristar instrument from Micromeritics. The specific surface was evaluated at 266.93 m 2 /g. Eventually, mercury porosimetry was performed with an Autopore also from Micromeritics, based on the capillary law governing mercury penetration into the pores [24] . In one cycle of this measurement, the pressure is increased from atmospheric pressure until 200 MPa and after decreased. The results of three intrusion/extrusion cycles are reported in Table 3 .
The value of the tortuosity is in good agreement with the mean value of the tortuosity measured with the thermodiffusion experiment.
High-pressure measurements
A series of measurements have been performed at high pressure with the THN+C12 system (50% w/w, T = 25 • C, T * = 10 • C) before performing the porosimetry analysis. In Fig. 4 we report the phase difference versus time of the second kinetic for the THN+C12 system at different pressures.
In Table 4 we report the relative duration of the experiment, mass contrast factor ∂n/∂c, the Soret coefficient S T , molecular diffusion coefficients in porous medium and in free medium D * and D, tortuosity τ and thermodiffusion coefficient D T for the system THN+C12 at different pressures.
The mass contrast factors ∂n/∂c have been measured in a precedent work [13] . From fitting experimental points we have determined the Soret and the diffusion coefficients in porous medium S T and D * . By using a Leffler-Cullinan relation [25] , it is also possible to get an evaluation of the molecular diffusion coefficient in free media D as a function of the pressure:
where μ is the dynamic viscosity of the fluid. For the THN+C12 system, the viscosity has been measured from atmospheric pressure until 14 MPa with a falling-body semi-automatic Stony Brook Scientific HPHTV-100 viscometer and with a falling-body viscometer developed in our laboratory [26] from atmospheric pressure until 50 MPa. Those measurements are reported in Fig. 5 . At atmospheric pressure and with the literature value for D, we evaluate the constant in Eq. (14) . In Table 4 we report the evaluated values of diffusion coefficient in free media D thanks to the measured values of viscosity. Also in Table 4 we report the evaluation of the tortuosity of the porous medium by using Eq. (7). Thermodiffusion coefficients are evaluated using:
The last column of Table 4 represents the relative deviation from reference D T values [10] . The measurements at 50 MPa were not performed with the thermogravitational technique. The agreement is good, taking into account the experimental errors and our hypothesis in the evaluation of the diffusion coefficients D at high pressure. We observe a decrease of the value of the Soret coefficient S T as a function of the pressure. Also the tortuosity τ decreases as a function of pressure.
Further analysis is needed to understand this counterintuitive behaviour in function of pressure.
Conclusions
In this work we have demonstrated the functionality of our thermodiffusion cell designed to measure molecular diffusion and Soret coefficients for binary systems under high pressure and in porous medium. With the cell filled with a porous medium, the main mass transport mechanism is diffusion. This is not the case when the cell is free of porous medium, probably due to residual convection.
From the analysis of the second kinetic of the phase difference between the two laser beams crossing the cell, we recover values of the Soret coefficient of the analyzed mixtures in good agreement with literature data. The value of the tortuosity of the porous medium could also be evaluated from the transient state of the mass separation. For the mixture of toluene + hexane and 1,2,3,4-tetrahydronaphthalene + dodecane, we obtain a mean value of the tortuosity at atmospheric pressure of 1.81. This value is in good agreement with the value obtained with a standard technique for characterizing porous media, namely the mercury porosimetry.
Preliminary results at high pressure show a decrease of the Soret coefficient of the 1,2,3,4-tetrahydronaphthalene + dodecane system and a decrease of the porous medium tortuosity at high pressure.
